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Layered silicate minerals, particularly 
anisotropic nanoclay particles, are both a 
blessing and a curse. As an industrial 
commodity their surface properties are of 
significant importance in widespread 
applications. 
In other situations layered silicate minerals  
are a nuisance when present as gangue 
minerals in flotation separations and 


















• About one ton of clay generated for each ton 
of phosphate rock produced 
• Nearly 70,000 tons produced per day in 
Florida, disposed as 3% solids slurry 
• Over 2 million tons of slurry per day





– Clay ponds occupy about 40% mined lands
– Potential impact on water resources
– Dam breaches
• Resources
– About 30% P2O5 wasted
– 15 million tons/year of clay minerals
• Economic 
– Land use in mining counties
– $60 million/year spent on disposal
– A big hurdle to getting new permits
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Layered Silicates Minerals
Layered silicate minerals make the 
separation difficult due to their size and 
surface properties. In some cases, the 
layered silicate mineral particles occur as 
small as a few hundred nanometers.
One of our objectives is to provide a better 
understanding of their surface 
characteristics, specifically surface charge 
and wetting characteristics.
8
The silicate minerals make up the largest and 
most important class of rock-forming minerals, 
constituting approximately 90 percent of 
the crust of the Earth.
Phyllosilicates, or layered silicates, form parallel 
sheets of silica tetrahedra. 
9
The fundamental structure of the layered
silicates is based on interconnected six
member rings of SiO4
-4 tetrahedra that
extend as infinite sheets. Three out of the 4
oxygens from each tetrahedron are shared
with the other tetrahedra. This leads to a
basic structural unit of Si2O5
-2.
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In the phyllosilicates, the silica tetrahedral layer
is bonded to an octahedral layer. The octahedral
layers take on the structure of either Brucite
[Mg(OH)3], if the cations are +2 ions like Mg
+2 or
Fe+2, or Gibbsite [Al(OH)3], if the cations are +3
like Al+3. In the brucite structure, all octahedral
sites are occupied and all anions are OH-1. In
the Gibbsite structure every 3rd cation site is





Atomic Force Microscopy (AFM)
AFM surface force measurements are being used to 
describe the surface charge and wetting 
characteristics.
1986 Binnig, Quate & Gerber
Cantilever - microfabricated with 
sharp tip at the end 
Piezoelectric scanner
Deflection measurement system
Electronic controller - feedback 
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Surface Charge of Layered 
Silicates
T-O-T Trilayer (2:1) Structure: 
Pyrophyllite, Talc, Mica (Muscovite, Illite)
T-O Bilayer (1:1) Structure: Kaolinite







(usually with 1<y<1.5, 





Surface Charge for 
T-O-T Trilayer Structures
T-O-T Trilayer Silicate Zeta-Potential, mV (neutral pH)
Pyrophyllite -40 (Hu et al. 2003)
Illite -35 (Liu, Xu, and Masliyah 2004)
Muscovite
(Phlogopite)
-71 (Hartley, Larson, and Scales 1997)
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Surface Charge for 
T-O-T Trilayer Structures
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T-O Bilayer Structure: 
Kaolinite - Al2(OH)4Si2O5
SIDE VIEWEND VIEW
Bilayers of Silica Tetrahedral and Alumina Octahedral
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Surface Charge for T-O Bilayer 
Structure: Kaolinite





























 Silica Face of Kaolinite (Gupta and Miller, 2010)
 Alumina Face of Kaolinite (Gupta and Miller, 2010)






Surface Charging for Mixed Layer 
Structure: Chlorite
PZC of mica-like basal surface of chlorite < pH 5.6
PZC of brucite-like basal surface of chlorite > pH 9.0
PZC of edge surface of chlorite pH 8.5
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Summary of the Surface Charge
The surface charge of silica-face basal plane is 
negatively charged at neutral pH (e.g. 
muscovite, talc, pyrophyllite, kaolinite, chlorite)
The surface charge of alumina-face basal plane 
has a point of zero charge is ~pH 7 (e.g. 
kaolinite)
The PZC for the edge surface of T-O-T and 
mixed layer is pH 7.5-8.5 (e.g. muscovite, talc, 
chlorite); the surface charge for the edge surface 
of T-O is negative above pH 4 (e.g. kaolinite) 
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(usually with 1<y<1.5, 





Water Drop on Silica Surface of 
Pyrophyllite
26
Water Drop on Silica Surface of 
Muscovite
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0% - Pyrophyllite, θ=70˚ 
25% -Muscovite, θ=0˚ 
5% substitution, θ=30˚   
15% - Illite, θ=0˚ 




Water  contact  angle  as  a  function  of  the  
percentage  of  isomorphous substitution in the 
silica tetrahedral surface of phyllosilicate
AFM Analysis of Wettability
Highly hydrophobic diamond-like-
carbon tipped cantilever was 
used.
The isoelectric point of DLC tip 
was determined to be pH 4.
The wettability of kaolinite and 
other clay mineral surfaces can 
be described from the magnitude 
of the hydrophobic force.
Diamond-Like-Carbon
30























~0˚ (Solc et al. 
2011)
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Stairstep card-house fabric of aggregated 




 10 ns 
simulation time
 1 mM KCl
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Kaolinite Clusters at pH 5
Alumina Layer 
Silica Layer
Cluster Identification at pH 5
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 Clusters after 10ns 
simulation time at 
pH 5






Experimental Validation for 
Kaolinite Clusters
ESEM
SEM with WETSEM capsule
X-ray Tomography
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Experimental Validation for Kaolinite
ESEM at pH 5
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Face to Face 
Interaction
The size of kaolinite 
cluster structure is 
about 1-2 μm
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Face to Face 
Interaction
Face to Edge 
Interaction
Experimental Validation for Kaolinite
WETSEM® at pH 4.3
Experimental Validation for Kaolinite
X-Ray CT at pH 4
40
 ~50 vol% 
solids at pH 4
41
Experimental Validation for Kaolinite
X-Ray CT at pH 4
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AF302 at neutral 
pH 
The diameter of 














The surface charge and wettability of 
anisotropic nanoclay particles are being 
studied by AFM
The clay particle aggregation and cluster 
formation are being investigated by 
simulation and validated by experimental 
techniques (SEM, CT)
Understanding of the sedimentation and 
consolidation of clay minerals is in progress 
using X-ray tomography and should provide 
additional information in the future
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